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Abstract
Purpose: Breast cancer is the most common cancer in women in developing and developed
countries and is responsible for 15% of women’s cancer deaths worldwide. Conventional
absorption-based breast imaging techniques lack sufficient contrast for comprehensive diagno-
sis. Propagation-based phase-contrast computed tomography (PB-CT) is a developing technique
that exploits a more contrast-sensitive property of x-rays: x-ray refraction. X-ray absorption,
refraction, and contrast-to-noise in the corresponding images depend on the x-ray energy used,
for the same/fixed radiation dose. The aim of this paper is to explore the relationship between x-
ray energy and radiological image quality in PB-CT imaging.
Approach: Thirty-nine mastectomy samples were scanned at the imaging and medical beamline
at the Australian Synchrotron. Samples were scanned at various x-ray energies of 26, 28, 30, 32,
34, and 60 keVusing a Hamamatsu Flat Panel detector at the same object-to-detector distance of
6 m and mean glandular dose of 4 mGy. A total of 132 image sets were produced for analysis.
Seven observers rated PB-CT images against absorption-based CT (AB-CT) images of the same
samples on a five-point scale. A visual grading characteristics (VGC) study was used to deter-
mine the difference in image quality.
Results: PB-CT images produced at 28, 30, 32, and 34 keV x-ray energies demonstrated sta-
tistically significant higher image quality than reference AB-CT images. The optimum x-ray
energy, 30 keV, displayed the largest area under the curve ðAUCVGCÞ of 0.754 (p ¼ 0.009).
This was followed by 32 keV (AUCVGC ¼ 0.731, p ≤ 0.001), 34 keV (AUCVGC ¼ 0.723,
p ≤ 0.001), and 28 keV (AUCVGC ¼ 0.654, p ¼ 0.015).
Conclusions: An optimum energy range (around 30 keV) in the PB-CT technique allows for
higher image quality at a dose comparable to conventional mammographic techniques. This
results in improved radiological image quality compared with conventional techniques, which
may ultimately lead to higher diagnostic efficacy and a reduction in breast cancer mortalities.
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1 Introduction
Every year, around 25% of new cancer cases detected in women are breast cancer.1 Breast cancer
also accounts for 15% of female cancer mortalities in developing and developed countries.2 The
early detection of breast cancer is pivotal for decreasing associated mortalities. Breast screening
facilitates the early detection of breast cancer, which makes treatment more successful. The
Australian Institute of Health and Welfare3 found that breast cancer mortalities reduced from
74 deaths per 100,000 women aged 50 to 74 in 1991, when screening began, to <40 deaths
per 100,000 women in 2018 (a reduction of almost 46%).
Digital mammography (DM) is the most common modality used for breast screening4 and
diagnostic imaging of symptomatic patients: over 50% of cancer cases in Australia are diagnosed
outside of the BreastScreen program, and all would have diagnostic mammography.3 Apart from
its low dose and cost, DM can reduce breast cancer mortality rates by allowing for early detection
and treatment of disease. However, although DM is efficient, major weaknesses limit its diag-
nostic accuracy. Even though DM provides the highest spatial resolution of current modalities,
the nature of two-dimensional images results in superimposition of breast tissue.5 The sensitivity
values for DM range from 72% to 90.6%, while the specificity values span from 72% to 98%,
signifying a margin for improved pathology detection.6–11 In addition, the efficacy of DM may
vary across individuals, depending on their breast density.8,12 Mandelson et al.8 discovered that
sensitivity could be as low as 30% in extremely dense breasts. Digital breast tomosynthesis
(DBT) can assist with the issue of overlapping structures by acquiring a series of projection
images at different angles and producing images for different depths in the breast.5,13 Phi
et al.10 found that the sensitivity of DM and DBT combined to be 84% to 90%, which exceeded
the sensitivity of 72% in DM alone. Despite the advantages, patients who undergo DBTand DM
examinations together receive higher radiation doses than undertaking one examination alone. In
addition, breast compression may cause patients to experience discomfort and pain; however, it
is necessary for decreasing breast thickness, increasing soft tissue uniformity, and decreasing
dose.14,15 The use of suboptimal compression in patients unable to cope with the discomfort
may lead to reduced contrast resolution in the image. Breast CT also overcomes superimposition
by providing three-dimensional (3D) images. While CT increases visualization of mass lesions
and edges compared with DM,16,17 it has substantially higher radiation dose levels and lower
spatial resolution compared with DM.17 Lindfors et al.16 noted that breast CT is more physically
comfortable than DM and DBT as no compression is required.
The above conventional x-ray imaging techniques are established on the basis of radiation
absorption.18 An x-ray from a source passes through an object and is attenuated according to the
object’s density, forming contrast in the image. However, as the breast comprises tissues with
similar densities, the contrast in the x-ray absorption images is minimal, making it difficult to
distinguish pathology from healthy tissue due to dose restrictions.12,19 Furthermore, insufficient
contrast-to-noise increases the chances of misinterpreting benign from malignant tumors, which
may affect the treatment pathway of a patient. Thus, understanding the disadvantages of current
x-ray imaging modalities allows for better insight into the evolution of new technologies that
may improve breast cancer diagnosis and treatment.
Phase-contrast imaging is a well-developed technology that aims to address the existing lim-
itations of current absorption-based methods. The phase-contrast techniques utilize another type
of interaction between x-rays and imaged objects, namely refraction. The behavior of x-rays
when they travel through an object can be described using the complex refractive index,
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n ¼ 1 − δþ iβ, where δ incorporates refractive effects and β describes absorption.20,21
The refraction term (δ) has been found to be up to a thousand times larger than the absorption
term (β) at typical mammographic energies of 15 to 25 keV,22,23 and thus, the refraction of
x-rays results in additional contrast in projection images that is usually greater than absorption
contrast.
Although there are many phase-contrast imaging techniques such as analyzer-based imaging,
crystal interferometry, grating interferometry, and edge illumination, propagation-based imaging
(PBI) may provide benefits while having the most straightforward approach.24 In PBI, compo-
nents of the imaging setup are placed in a straight line, requiring no special optical elements
between the source, object, and detector. PBI closely resembles the setup of conventional x-ray
imaging, with the exception of an increased object-to-detector distance to exploit refraction
effects and a requirement for a spatially coherent x-ray illumination.25 Consequently, a highly
spatially coherent beam allows phases of the beam to develop interference patterns, particularly
highlighting edges of the object.22 Furthermore, when combined with CT, known as propaga-
tion-based CT (PB-CT), a detailed 3D representation of the breast is obtained at a dose com-
parable to DM.26,27 Since compression is also not required in PB-CT, comfort to patients is
increased without compromising the image quality or radiation dose. Earlier studies have found
that PB-CT of soft tissues may provide a 10-fold or even higher increase in signal-to-noise ratio
and contrast-to-noise ratio (CNR) in comparison with conventional absorption-based CT (AB-
CT).28,29 This increases the probability of better visualizing mass lesions and anatomical edges as
well as providing superior image quality to identify smaller lesions previously undetectable in
absorption-based methods. Furthermore, the differences between benign and malignant features
may become more distinct due to lower noise, increased soft-tissue contrast, and better edge
definition in PB-CT compared with AB-CT.26 Therefore, PB-CT may provide a solution to bal-
ancing high spatial and contrast resolution at an acceptable radiation dose, ultimately leading to
increased diagnostic accuracy.
For successful translation of this technology to the medical imaging domain, further research
needs to be conducted on optimization factors that determine image quality in PB-CT. Such
optimization factors include the choice of x-ray energy, source-to-detector distance, use of maxi-
mum intensity projection, CT reconstruction method, phase-retrieval algorithm, detector type,
and pixel size.30,31 In particular, x-ray energy has always been a fundamental component in deter-
mining the image quality of established imaging methods. Traditionally, mammographic breast
imaging requires relatively low x-ray energies to maximize image contrast.32 A higher energy
would result in increased penetration of x-rays (i.e., higher transparency of the tissues), ulti-
mately decreasing the image contrast while increasing the relative weight of Compton scattering
in attenuating x-rays. Lower energies allow for greater differences in gray levels to be perceived,
with only photons with enough energy reaching the detector. However, using x-ray energies that
are too low results in an increased radiation dose to the patient as x-ray photons with insufficient
energy are completely absorbed by patient tissue and do not reach the detector. Thus, these
photons do not contribute to the image contrast.32
There is limited research specifically underlining the most suitable x-ray energy for PB-CT,
and the work that has been done has produced varying results. Recent studies by Oliva et al.33
and Delogu et al.34 discovered an optimum energy range between 26 and 28 keV for an ideal
detector. Some studies claim that energies of around 32 to 35 keV are most appropriate,30,31
but these studies have not examined x-ray energies lower than 32 keV. On the other hand,
Ghani et al.35 and Zhao et al.26 indicated that a higher peak energy—120 kVp, equivalent to
an effective beam energy of about 60 keV—can increase penetration, leading to a decreased
scan time and dose. However, Ghani et al.35 did not incorporate CT with a phase contrast
technique, and Zhao et al.26 implemented 60 keV with analyzer-based imaging, both of which
may not directly correspond to PB-CT. Therefore, a deeper understanding of the relationship
between x-ray energy and radiological image quality is required to progress the PB-CT tech-
nique for breast cancer imaging. The aim of this paper is to investigate the optimum x-ray energy
required to produce the highest radiological image quality in PB-CT based on a human
observer study.
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2 Materials and Methods
2.1 Samples and Imaging Techniques
The Humans Research Ethics Committee of Monash University (project number: CF15/3138-
2015001340) approved imaging breast mastectomy samples for experimental purposes. All
patients provided written consent for the use of the specimens. All images were de-identified
before being used in this study. The majority of mastectomies possessed malignant tumors, while
some were cancer free or only contained benign lesions. Table 1 provides detailed descriptions of
the breast pathology.
The mastectomy samples were scanned at the Imaging and Medical beamline (IMBL) of the
Australian Synchrotron. After the surgery, the mastectomies were placed in a plastic low-absorb-
ing cylindrical container with an 11-cm diameter to be imaged. The container was then placed on
a rotating stage for scanning. The breast samples included in this study comprised those that had
been scanned at multiple x-ray energies. However, not all samples were scanned at all energies,
mainly due to beamtime limitations and equipment failure in some cases. Samples were excluded
if they were not standard size, meaning a container with a diameter larger or smaller than 11 cm
was used. After the samples had been filtered, 39 samples were included in the study, producing
a total of 132 image sets at various x-ray energies (Table 2).
The images were produced using a Hamamatsu C10900D Flat Panel Sensor that had a field-
of-view of 1216 × 1232 pixels, a pixel size of 100 μm × 100 μm, and a frame rate of 17 frames
per second. For each scan at 4 mGy, 2400 projections with 0.075 deg angular steps were col-
lected over a 180-deg rotation angle, and each scan took around 141 s. The reconstruction
method used was filtered backprojection. PB-CT images were scanned with the detector placed
at the maximum achievable distance of 6 m from the sample (at the IMBL). Furthermore, this
study applied a phase-retrieval technique to the phase-contrast images through the homogeneous
transport of intensity equation (TIE-Hom) algorithm.36 In full-phase retrieval, a δ∕β ratio (in the
complex refraction index) equal to the theoretical value of glandular tissue relative to blood is
used. It should be noted that the relative δ∕β for glandular and cancerous (blood) tissues is
Table 1 Number of breast mastectomy samples per lesion type.
Lesion type No. of samples per lesion type
No invasive carcinoma 22
No invasive tumor 4
Invasive carcinoma 13
No DCIS 22
Low grade DCIS 1
Intermediate grade DCIS 8
High grade DCIS 5
BRE grade 1 2
BRE grade 2 10
BRE grade 3 1
No special type 7
Mixed ductal and lobular features 1
LCIS 3
Note: BRE, Bloom–Richardson–Elston system; DCIS, ductal carcinoma in situ;
LCIS, lobular carcinoma in situ.
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smaller than the relative δ∕β for glandular and adipose tissues. Thus, selecting these values max-
imizes the differentiation of glandular and cancerous tissues. Half-phase retrieval uses a value
that is half of the full-phase retrieval value. In this study, half-phase retrieval was applied as
higher quality images were demonstrated using this method compared with full-phase retrieval,
as determined by a previous study using the same detector.37 The mean glandular dose (MGD)
received by the samples was 4 mGy, which may represent the radiation dose in two-view DM.
The radiation dose received by the samples was determined through a Monte Carlo simulation in
which we used a numerical breast phantom composed of 30% glandular tissue and 70% adipose
tissue, surrounded by a 5-mm thick layer of adipose tissue to represent the skin. Further details
about the MGD calculation method used in this study has been described in our previous
publications.30,38
The PB-CT slices were originally reconstructed in the coronal view. The slices were then
converted into axial and sagittal views to mimic the craniocaudal (CC) and mediolateral oblique
views, respectively, reflecting traditional projections used in mammographic breast imaging.
Each set contained around a thousand CT slices with 100 μm thickness. To reduce the assess-
ment time, slices with the thickness of 1 mm were produced by resampling every 10 slices using
maximum intensity projection, while preserving the in-plane resolution of 100 μm.
The energy ranges used to obtain PB-CT images included 26, 28, 30, 32, 34, and 60 keV. For
each sample, the PB-CT images at various energies were compared with AB-CT images of the
same sample. All AB-CT images were scanned at 32 keV (this energy was shown to provide high
quality AB-CT images in some of our previous studies)27,37,39 and using the same parameters as
PB-CT images, except that they were scanned with the minimum achievable sample-to-detector
distance of 0.19 m and no phase-retrieval was applied (since the AB-CT images do not contain
phase contrast). The dose delivered for AB-CT images was also 4 mGy.
2.2 Image Assessment
2.2.1 Image preparation
Final images matching the inclusion criteria were selected. The background of all images was
segmented out using a manual threshold. The axial and sagittal view images were converted to
digital imaging and communications in medicine format and then loaded onto a mammography
workstation. Next, images were manually synched, so assessors could view and scroll through
the test (PB-CT) images and reference (AB-CT) images simultaneously.
Data collection was completed in a 1-month time period for the convenience of assessors and
researchers. Assessors included seven medical imaging experts in medical physics and diagnos-
tic radiography with 4 to 30 years of experience in diagnostic imaging. Assessors were blinded
of the imaging conditions, which included the energies and the image type—PB-CTor AB-CT—
used in each comparison. The assessors were permitted to evaluate the images at their own pace
with no time limit. The average time taken to complete all of the image sets was approximately
one and a half hours for each assessor.
Table 2 Number of scanned samples per x-ray energy.
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The reading environment and screen on which the images were viewed was controlled for all
participants. Two 5MP mammographic reporting monitors divided into four sections were used.
The left column displayed the test images, and the right column presented the reference images.
The top row displayed the axial slices, while the bottom row displayed the sagittal slices, as seen
in Fig. 1.
2.2.2 Radiological assessment
The image quality assessment was carried out in the form of a visual grading characteristic
(VGC) study.40 Image quality is essentially determined by the experts who are interpreting the
image, and opinions may vary between individuals. To assess the correlation between variables,
expert opinion needs to be measured in a way that expresses their opinions quantitively. VGC
studies are high in practical relevance as the tests reflect a clinician’s confidence in identifying
structures and pathologies often seen in the clinical environment, particularly for breast
imaging.41
An assessment sheet with instructions and a scoring table was designed and provided to the
assessors. Images were evaluated via a five-point rating scale comparing the test image with the
reference image to reflect the assessor’s opinion on image quality. The definition of the scoring
system is given in Table 3. Assessors were also asked to focus specifically on six attributes
relating to the radiological image quality, given in Table 4. The images contained pathologies
consisting of malignant or benign features, and others possessed cancer-free lesions to mimic the
clinical environment. After the assessors had completed the assessment, the collected data were
imported to excel for further analysis.
2.3 Data Analysis
An interobserver agreement was calculated via the intraclass correlation coefficient (ICC) to
examine the reliability of the data collected from the assessors. The ICC determines the amount
Fig. 1 Screen setup of PB-CT versus AB-CT images. This case was a post neoadjuvant chemo-
therapy of invasive carcinoma, no special type, no residual in-situ, or invasive disease (sample ID:
267148); (a) axial PB-CT slice; (b) axial AB-CT slice; (c) sagittal PB-CT slice; (d) sagittal AB-CT
slice; PB-CT images for this image set were scanned at an x-ray energy of 28 keV; AB-CT images
were scanned at an x-ray energy of 32 keV.
Wan et al.: Effect of x-ray energy on the radiological image quality in propagation-based. . .
Journal of Medical Imaging 052108-6 Sep∕Oct 2021 • Vol. 8(5)
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Medical-Imaging on 12 Jul 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
of agreement between different units or individuals.42 Calculating the ICC is important in this
study because image quality assessment is essentially a subjective task, with possible variations
between assessors. The ICC form used was a two-way random with an average of multiple read-
ers, also conventionally represented as ICC (2, k). This form generalizes the reliability results to
a larger population of assessors with the same characteristics as the selected assessors.43 The ICC
was implemented before data analysis to ensure that no outliers were present. The ICC was
calculated through the IBM SPSS Statistics (Version 27.0) software.44
As the scales in VGC studies were ordinal, a nonparametric rank-invariant test was used to
analyze data and measure the variance between different energies. The raw data collected from
the assessments was analyzed via the VGC Analyzer Software (Version 1.0.2).40 An area under
the curve (AUCVGC) was calculated from the cumulative distribution of quality scores of test
images against corresponding reference images. In doing so, we applied bootstrapping with 2000
resamples of rating scores.40 The AUCVGC provided a relative measure in the difference in image
quality between two image sets. In our case, we compared the PB-CT test condition against the
AB-CT reference condition. A p-value was calculated from theAUCVGC, with a 5% significance
level and a 95% confidence interval.
3 Results
Interobserver agreement was calculated through the ICC. In this case, the ICC examines how
similarly the seven assessors rated the radiological quality of the test images compared with the
reference images. The ICC was calculated to be 0.867. The 95% confidence interval of the ICC
had a lower bound of 0.826 and an upper bound of 0.897.
An ICC score of <0.500 represents poor agreement; an interval between 0.500 and 0.750
demonstrates a fair agreement; scores between 0.750 and 0.900 indicate good agreement; and
scores between 0.900 and 1.00 reflect excellent agreement.43 The calculated ICC results indicate
good inter-rater reliability, and no assessors were excluded from the data analysis.
Table 4 Attributes contributing to radiological quality.
Attribute Description
Perceptible contrast Difference between low and high radiolucency in various soft tissue regions
Lesion sharpness Clarity of definition of lesions and spiculations.
Normal tissue interfaces Clarity of visualization of interfaces between fatty and fibro-glandular tissues
Calcification visibility Sharpness of microcalcifications (if any)
Image noise Presence of quantum mottle in the image
Artifacts Evidence of any other technical artefacts such as rings or distortions
Table 3 Five-point rating scale comparing test image with reference image.
Score Description
+2 Image quality is exceptionally better than the reference image
+1 Image quality is slightly better than the reference image
0 Equal image quality to the reference image
−1 Image quality is slightly worse than the reference image
−2 Image quality is exceptionally worse than the reference image
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3.1 Visual Grading Analysis
Table 5 shows bootstrapped AUCVGC values, 95% confidence intervals, and p-values for PB-CT
in comparison with AB-CT images. Comparing the test and reference conditions, images pro-
duced with energies of 28 keV ðp ¼ 0.015Þ, 30 keV ðp ¼ 0.009Þ, 32 keV ðp ≤ 0.001Þ, and
34 keV ðp ≤ 0.001Þ had higher radiological quality than the reference condition. For compari-
son, PB-CT images corresponding to 26 keV (not significantly) and 60 keV ðp ¼ 0.009Þ had
lower radiological quality than the reference image. This is indicated by the AUCVGC in which a
score above 0.500 reflects a higher quality than the reference state. Moreover, a score of 0.500
indicates the same image quality as the reference image, and a score between 0.00 and 0.500
depicts the test condition having a lower radiological quality than the reference condition.40 At
the x-ray energies of 28, 30, 32, 34, and 60 keV, the test images were significantly different from
the reference images, as indicated by their p-values. An x-ray energy of 30 keV produced the
highest AUCVGC value of 0.754.
4 Discussion
The findings demonstrate that, at particular x-ray energies, PB-CT of mastectomy specimens
provides a higher radiological image quality than AB-CT. In this study, PB-CT images scanned
at the energies of 28, 30, 32, and 34 keV produced significantly superior image quality compared
with reference images scanned with AB-CT. The energy that displayed the largest AUCVGC, and
therefore the highest radiological image quality, was 30 keV. This was followed by 32, 34, and
28 keV, respectively. However, PB-CT images taken at 26 and 60 keV did not present higher
image quality than the AB-CT images captured at 32 keV, based on their AUCVGC values of
0.454 and 0.162, respectively.
There is a narrow “band” of energies used in conventional mammography that can maximize
the CNR. Sufficient CNR provides the image with increased contrast, so greater detail can be
observed.45 Similarly, in PB-CT, an optimum energy can minimize the amount of noise per-
ceived in an image at an acceptable radiation dose. Oliva et al.33 recently concluded that an
optimum energy range of 26 to 28 keV produced the highest CNR, complementing the results
of Delogu et al.,34 who discovered that the highest quality images were created by 28 keV x-rays.
However, these two studies applied a different detector, namely Pixirad-8 photon-counting
detector with 60 μm pitch in a honeycomb matrix, from the one used in this study. On the other
hand, Tavakoli Taba et al.37 used the same Hamamatsu detector utilized in this study as well as 12
mastectomy samples and found that, for two x-ray energies of 32 and 34 keV, PB-CT resulted in
higher image quality than AB-CT. The Hamamatsu C10900D Flat Panel Sensor is optimized for
energies between 20 and 90 kVp.46 Baran et al.30 and Tavakoli Taba et al.31 also investigated x-
ray energies (specifically 32, 35, and 38 keV) along with other imaging parameters such as
Table 5 Data analysis of the AUCVGC resulting from the VGC analysis for PB-CT images versus
AB-CT images.
Energy (keV) No. of samples AUCVGC
95% confidence interval
p-valueLower bound Upper bound
PB-CT versus
AB-CT at 4 mGy
26 9 0.454 0.278 0.627 0.510
28 25 0.654* 0.571 0.734 0.015
30 9 0.754* 0.667 0.849 0.009
32 38 0.731* 0.675 0.788 ≤0.001
34 39 0.723* 0.668 0.771 ≤0.001
60 12 0.162* 0.060 0.298 0.009
*p ≤ 0.05
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sample-to-detector distance, reconstruction method, and level of phase-retrieval using one mas-
tectomy sample and showed that 32 keV was generally superior to higher energies. This paper,
however, solely focused on optimizing x-ray energy, which allowed us to utilize a larger number
of samples (the largest number of mastectomy samples used in a PB-CT optimization study so
far) and a wider range of x-ray energies.
In conventional mammography, low energies do not have enough power to penetrate through
the entire breast, resulting in an increase in radiation dose. On the other hand, excessive energy
levels cause the resulting x-ray image to display inferior contrast, through a reduction in the
differences in gray levels. In conventional mammography, Tomal et al.47 discovered that the
optimum peak voltage of the x-ray source is in the range of 23 to 30 kVp. Our study demon-
strates that the same rules are applicable to PB-CT of the breast, where a band of x-ray energies
between 28 and 34 keV, and not necessarily one particular energy, may provide the most optimal
images. In particular, the image quality is maximized at x-ray energies around 30 and 32 keV.
Figure 2 displays the differences in image quality between a PB-CT image scanned at 30 keV
with its respective AB-CT reference slice (sample ID: 323592).
Higher energies, including 60 keV, have the potential to decrease the dose received by the
patient as most x-rays will reach the detector and exit the body. However, that would be at the
cost of a significantly lower CNR in PB-CT. Reported studies that incorporate higher energy x-
rays used non-PB-CT phase-contrast techniques.26,35,45,48 In particular, studies that utilized ana-
lyzer-based CT allow for increased sensitivity, and thus contrast resolution, at higher x-ray ener-
gies due to extracomplicated optical elements that are not used in PB-CT.45,48
Superior contrast resolution is essential to identifying possible pathologies in the breast. The
ability of PB-CT images to demonstrate a higher radiological image quality than AB-CT images
is beneficial for increasing the sensitivity and specificity of breast cancer diagnosis. A strength of
our study was including a range of mastectomies that contained malignant, benign, and cancer-
free features, which was reflective of the diverse clinical experience.
One of the limitations of this study was that breast composition and size was not a factor
when establishing the optimum energy that can produce the highest image quality.28 A denser
and/or larger breast may result in a higher optimum energy, compared with breasts containing
less fibroglandular tissue or being smaller, as increased penetration is required.48 There is a low
Fig. 2 Breast mastectomy with invasive lobular carcinoma and BRE grade 2 (sample ID: 323592);
(a) axial PB-CT slice obtained at an x-ray energy of 32 keV and object-to-detector distance of 6 m;
(b) axial AB-CT slice obtained at an x-ray energy of 32 keV and nearly zero object-to-detector
distance.
Wan et al.: Effect of x-ray energy on the radiological image quality in propagation-based. . .
Journal of Medical Imaging 052108-9 Sep∕Oct 2021 • Vol. 8(5)
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Medical-Imaging on 12 Jul 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
specificity rate in diagnosing breast cancer in women with dense breasts [graded 3 or 4 using a
Breast Imaging-Reporting and Data System (BI-RADS)].8,49 Breast density and size are factors that
also differ greatly among women.50 Thus, it is important to investigate patient-specific parameters
when optimizing exposure protocols in further studies to optimize PB-CT for a clinical setting.
While using seven assessors in image assessment studies is common/typical, it is difficult to
generalize the results of this study to a population of assessors. In addition, as the reading order
was the same for all assessors, reading-order bias could be considered another limitation in this
study. To reduce this bias, the order of samples could be randomized for each observer.
Finally, x-ray energy is only one parameter required to optimize PB-CT. Other factors includ-
ing the sample–detector distance, CT reconstruction method, phase retrieval algorithm, maxi-
mum intensity projection, detector type, and pixel size need to be incorporated for effective
practical implementation.
5 Conclusions
In this study, we evaluated the optimum x-ray energy required to achieve the PB-CT image of the
highest radiological quality for mastectomy specimens. The results of this study, which utilized a
Hamamatsu detector, show that an optimum range of x-ray energies consisting of 28, 30, 32, and
34 keV can provide greater image quality than conventional AB-CT images. Overall, this study
discovered that, under the imaging conditions used in this study, the highest radiological PB-CT
image of the breast was produced by an x-ray energy of 30 keV. Future studies should consider
the effect of breast density and size as well as the choice of detector and its pixel size, as these
factors may change the optimum x-ray energy range. Optimizing the imaging parameters of PB-
CT enables the introduction of the modality into the clinical environment to improve the accu-
racy and efficacy of breast cancer diagnosis. The work toward clinical implementation of PB-CT
for breast cancer imaging is ongoing at different synchrotron facilities. In particular, a multi-
institutional, multinational collaboration is planning the world’s first patient trial of PB-CT
to be conducted within the next 2 years at the IMBL of the Australian Synchrotron.
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